The aim of this study was to assess the effect of oil type on the network formation of heat-set protein aggregates in liquid oil. The gelling properties of such aggregates to structure oil into so-called 'oleogels' are related to both the particle-particle and particle-solvent interactions. To change these interactions, four different oils (medium chain triglyceride oil, sunflower oil, extra virgin olive oil and castor oil) differing in polarity were used. The rheological properties of the protein aggregate oleogels were determined and compared to gels prepared with hydrophilic and hydrophobic colloidal silica particles at the same concentration. The results show that gel strength of the network formed by protein aggregates is affected by the polarity of the oil, resulting in weaker gels in more polar oils as a result of larger particle-solvent interactions. Similar results were obtained for hydrophilic silica particles. In the case of castor oil, the increased particle-solvent interactions though hydrogen bonds limited gel formation for all particle types. Large deformation rheology shows that protein oleogels exhibit a yielding behaviour under large deformation, but regenerate its elasticity quickly after deformation is reduced. The rapid recovery of the protein network and the fact that the interactions between the protein aggregates can be tuned by changing the characteristics of the oil, may be interesting features for various applications in foods.
Introduction
In foods, the phenomenon of gelation is governed by a network formation of specic 'building blocks'. In aqueous phases, many biopolymers such as proteins and polysaccharides are able to associate into networks, and provide ample opportunities to create desired textures by varying or combining gelling agents, changing solvent conditions, processing conditions, etc.
1 In oil phases, traditionally, structure formation is less diverse and relies on the crystallization of saturated and trans fatty acids in triglycerides into a space-spanning network, entrapping the liquid oil. Varying the crystallization rate, shearing conditions, and the composition or amount of saturated fatty acids provide ways to alter the network formation and the physico-chemical properties of the resulting solid-like fat.
2 Although such fatty acids are very useful in food products as they provide oxidative stability, hardness, and plastic deformation, they are also debated because of a possible negative impact on human health by changing the blood cholesterol prole.
3 Although research concerning these health implications of the various fatty acids is still on-going, 4 legislative action has been taken to ban partially hydrogenated oils in food products. Additionally, with regard to the cholesterol composition in the blood, it has been shown that replacement of saturated fats with poly unsaturated fatty acids, as ubiquitously present in liquid oil, has clear health benets. 5, 6 The use of unsaturated fats is therefore highly promoted. The replacement of saturated fats by unsaturated oils, however, is not straightforward as liquid oil can negatively affect the texture of food products.
7,8
One approach to replace saturated or trans fatty acids, which has gained much attention over the last few years, is to use other structuring agents to provide a solid character to liquid oil by the formation of so-called 'oleogels'. [9] [10] [11] [12] In many of these oleogels, gelation is achieved by low molecular weight organogelators (LWOG) such as waxes, 13 lecithin, 14,15 phytosterols 16 or monoglycerides.
17 Besides LWOG's, the cellulose derivative ethylcellulose (EC) is studied for its gelling properties in liquid oil. Being hydrophobically modied, this polymer is dispersible in liquid oil at high temperature and forms gels upon cooling.
18
In the formation of oleogels, the nature of the gelling agent and the nature of the solvent can greatly affect the rheological behaviour. For example, oleogels formed by self-assembly of goryzanol and b-sitosterol into tubules have been shown to be affected by the polarity of the oil. 19 Other researchers, using the same gelators, concluded that next to polarity, also the viscosity of the oil phase affected the self-assembly of the structuring molecules and therefore affected gelation time and the nal gel strength. 20 Also in monoglyceride-based oleogels, oils with different polarity and viscosity have shown to affect crystallization and gelation behaviour. 21 Additionally, the fatty acid chain length in the oil affected the rheological behaviour based on a difference in special orientation of the fat crystals. 22 In general, gel strength is decreased when the interactions between the gelator molecules and the oil are enhanced. The interactions depend largely on the chemical composition and the polarity of the oil. In ricinelaidic acid based oleogels, a decrease in the gelation efficiency was observed when the molecules were able to form hydrogen bonding with moieties on different oils. 23 Alternatively, in EC oleogels, an increase in oil polarity or polar compounds increased gel hardness. 24 This effect was related to the better solubility of the EC polymers during heating.
In our previous work, we showed how heat-set whey protein aggregates can be used as effective building blocks for oil gelation.
25 Efficient network formation was achieved by sufficient interactions of hydrophilic nature between the submicron protein aggregates in hydrophobic oil. In general, network formation of such colloidal particles is affected by both particle-particle and particle-solvent interactions. Therefore, a change in solvent type can be used to alter the network formation and the resulting rheological properties. To assess the effect of different solvent conditions, we varied the oil type and investigated the rheological properties of the resulting protein oleogels. For comparison with other colloidal systems, we also examined the rheological behaviour of gels prepared with colloidal silica particles of known surface chemistry, either of hydrophilic or hydrophobic nature.
Materials and methods

Materials
Whey protein isolate (WPI, BiPro) was obtained from Davisco Foods International (Le Sueur, MN, USA) with a protein concentration of 93.2% (N Â 6.38) and was used as received. Acetone (AR grade) was supplied by Actu-All Chemicals (Oss, The Netherlands). Two types of silica particles were used in this study, a hydrophilic and a hydrophobic fumed silica. Fumed silica, prepared by ame hydrolysis, consists of small, nanometer-sized primary particles that form branched and stable aggregates. Hydrophilic fumed silica (A200) was obtained from Sigma Aldrich and its surface chemistry consists of a high degree of hydroxyl groups. According to the supplier specica-tion, the particles consist of agglomerated, highly branched aggregates of $0.2-0.3 mm. Hydrophobic silica (R972) was obtained from Evonik Industries (Essen, Germany), for which about 70% of the hydroxyl groups on the surface of the particles were modied by attachment of methyl groups. 26 Both silica particles consisted of agglomerates of small primary particles ( Fig. 1) for the hydrophilic and hydrophobic silica particles, respectively. For convenience, hydrophobic silica will be referred to as R972 and hydrophilic silica as A200. Four different oils were used in the current study. Extra virgin olive oil (EVO) and sunower oil were purchased at a local supermarket and used without purication. Medium chain triglyceride oil (MCT) was obtained from Cremer Oleo GmbH (Hamburg, Germany). This highly rened oil consisted predominantly of C8 and C10 fatty acids. Castor oil was obtained from Sigma Aldrich.
Methods
Oil properties
Viscosity. The viscosity of the oils was determined using a stress-controlled rheometer (AP502, Anton Paar GmbH, Graz, Austria) with a double gap geometry (DG26.7, internal diameter: 24.7 mm, external diameter 26.7 mm). Aer sample loading, the shear rate was increased from 0.1 to 100 s À1 . Measurements were performed in duplicate and all oils behaved as Newtonian liquids.
Interfacial tension. The oil-water interfacial tension was determined using an automated drop tensiometer (ADT, Teclis Tracker, ITCONCEPT, Longessaigne, France). A water droplet (milli-Q, Millipore) with a surface area of 50 mm 2 was created in the different oils. The contact angle was measured under static conditions by keeping the surface area constant, and the interfacial tension was calculated using the available soware.
Measurements were performed at 20 C (AE0.1 C), which was maintained by a temperature-controlled water bath. The development of the interfacial tension was followed for 1 h, until a stable value was reached. Preparation of protein aggregates. WPI powder (4% w/w) was dissolved in demineralized water under continuous stirring at room temperature for 2 h. Aerwards, the pH of the stock solution was adjusted to 5.7 using a 1 M HCl solution. To induce aggregate formation, samples were heated at 85 C for 15 min using a temperature-controlled water bath. Aer cooling, the resulting protein dispersion was homogenized using a rotor stator homogenizer (Ultra Turrax, T25, IKA Werke, Germany) at 13 000 rpm for 3 min. The protein aggregates were then collected by centrifugation at 4000g (Hermle Z383K, Hermle Labortechnik GmbH, Wehingen, Germany) for 20 min at 20 C.
Hereaer, the pellet was re-dispersed and centrifuged twice with demineralized water to remove remaining soluble protein material. Preparation of protein oleogels and silica oleogels. To prepare the protein oleogels, the WPI aggregates were transferred to the 4 different oil types using a solvent exchange procedure as described previously. 25 In this procedure, the polarity of the solvent was changed gradually to remove the surrounding water from the WPI aggregates and replace the continuous phase for oil. In short, 15 g of aqueous pellet, containing the WPI aggregates, was re-dispersed in 150 mL acetone, and mixed thoroughly using rotor stator homogenization at 13 000 rpm for 3 min. Aerwards, the sample was centrifuged at 4000g for 20 min at 20 C. Excess acetone was removed by decanting and the pellet, containing the protein aggregates, was collected. The pellet was then re-dispersed, homogenized and centrifuged as described above once more using acetone to assure water removal, and twice using one of the four oils. The obtained pellet of WPI aggregates in oil was diluted in a ratio of 1 : 10 with oil and le overnight under continuous stirring to allow for evaporation of the remaining acetone. The next day, the protein aggregates were collected by centrifugation at 4000g for 20 min at 20 C. The protein concentration was determined by Dumas (Dumas Flash EA 1112 Series, N Analyser, Thermo Scientic) using a nitrogen conversion factor of 6.38.
To prepare the protein oleogels, the protein concentration was adjusted to 10% w/w by adding the appropriate amount of oil and mixed thoroughly for 3 minutes using a rotor stator homogenizer (3 min, 13 000 rpm). To prepare the silica suspensions, silica powder was added to the liquid oil and mixed thoroughly using rotor stator homogenization for 3 min at 13 000 rpm (the same conditions as for the protein oleogels) to produce a 10% w/w suspension. Hereaer, all samples were degassed using a vacuum pump to remove entrapped air. All values for protein or silica concentration in this paper are given in % w/w.
Rheology
To analyze gel formation, oscillatory rheology experiments were performed using a stress-controlled rheometer (AP502, Anton Paar, GmbH, Graz, Austria). All measurements were performed at 20 C using a parallel plate (ø ¼ 49.978 mm) setup with sandblasted plates to avoid slip. Before any measurement started, the samples were allowed to equilibrate for 60-120 min at a xed frequency of 1 Hz and a strain (g) of 0.01% (which was within the linear viscoelastic region). Frequency sweeps were performed by increasing the frequency logarithmically from 0.01 to 10 Hz at g ¼ 0.01%. Amplitude sweeps were performed by increasing the strain logarithmically from 0.001 to 100% at a xed frequency of 1 Hz. To determine the ability of the network to recover, rst large deformation was applied at a strain of 100%, and then reduced to 0.01%. The recovery of G 0 was then monitored for 30 minutes. All measurements were performed in duplicate.
Confocal laser scanning microscopy (CLSM)
The network structure of the protein and silica suspensions was visualized using CLSM. Here, the samples were gently mixed with a drop of rhodamine B solution (0.2%) in ethanol to stain the protein aggregates and silica particles. The resulting network structure was visualized using a Confocal Laser Scanning Microscope (Leica tcs sp5, Leica Microsystems, Wetzlar, Germany).
Scanning electron microscopy (SEM)
To visualize the structure of the silica powders, a Scanning Electron Microscope (Phenom G2 Pro, Phenom-World BV, Eindhoven, and The Netherlands) was used. Using carbon tabs, the powder was xed onto aluminium stubs (SPI Supplies/ Structure Probe Inc., West Chester, USA). The appearance of the powders could be visualized directly without sample pretreatment due to the low voltage used (5 kV).
Results and discussion
Appearance and microstructure
In the current study, heat-set whey protein aggregates were used as building blocks for network formation in liquid oil. The protein aggregates were obtained by heating the whey proteins at a pH close to their isoelectric point in aqueous conditions, and the nal protein aggregates had a surface averaged diameter (d 3,2 ) of 150 nm. These results are in agreement with other papers reporting similar conditions. 27,28 Following their preparation, the protein aggregates were transferred to the oil phase using a solvent exchange procedure, which did not alter their particle size.
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At a protein concentration of 10%, self-supporting oleogels had formed, where the liquid oil is entrapped by a network of protein aggregates. The appearance of such a protein oleogel in sunower oil can be seen in Fig. 2A . To compare the gelling ability of the colloidal protein aggregates with other colloidal particles, two types of fumed silica particles were dispersed in sunower oil at the same concentration. Hydrophobic R972 silica formed a gel at 10% w/w in sunower oil, but the network was disrupted when the sample was taken out of the container as the material started to ow (Fig. 2B) . In contrast, hydrophilic A200 silica formed a rigid, paste-like structure in sunower oil at 10% (Fig. 2C ). This immediate difference in gelling ability in nonpolar solvents is related to the surface chemistry of the silica particles. The surface of A200 silica consist of hydroxyl groups, whereas for R972 silica, these hydroxyl groups are replaced with methyl groups. In liquid oil, hydrophilic silica is able to from strong particle-particle interactions via hydrogen bonds between the hydroxyl groups at the particle surface. Due to the methyl groups on the surface, hydrophobic silica particles have favourable particlesolvent interactions with the surrounding oil and a decreased amount of hydrogen bonds between the particles. 29, 30 The microstructure of the network created by the different particles is visualized by CLSM and shown in Fig. 2D-F for the protein aggregates, R972, and A200 respectively. Here, dispersions of 5% were visualized in order to observe the differences in their network structure more clearly. The CLSM image of the protein oleogel (Fig. 2D) shows that the aggregates formed a fractal-like network in the liquid oil, resulting in gel formation. The R972 silica particles, on the other hand, were distributed homogeneously throughout the suspending oil, which can be attributed to the more hydrophobic character of the particles (Fig. 2E) . Due to the presence of strong hydrogen bonds between the hydrophilic particles, A200 silica (Fig. 2F) formed a fractal-like network structure. Compared with both silica particles, the protein aggregates seem to form a network consisting of denser clusters. Most likely, the silica particles have a higher porosity and a larger surface area compared to the protein aggregates, which resulted in a ner network. Nevertheless, the tendency for network formation is attributed to the balance between particle-solvent and particle-particle interactions and in this regard, protein aggregates show a higher similarity to the hydrophilic silica particles.
Another interesting feature is that the protein oleogel was opaque, whereas both silica oleogels were transparent. This difference in appearance can be explained by taking the refractive indices (RI) of the materials into account. Silica particles have a RI of $1.47, which is close to that of sunower oil ($1.46-1.47). For protein solutions, the RI depends on the concentration, and for largely dehydrated proteins, the RI is $1.54. 31 
Solvent characteristics
Network formation by colloidal particles suspended in a solvent is largely dependent on the surface chemistry of the particles and the nature of the solvent. Therefore, four different oil types were chosen to prepare the oleogels; medium chain glyceride oil (MCT), extra virgin olive oil (EVO), sunower oil, and castor oil. Characteristics of these oils can be found in Table 1 . MCT oil consists mainly of medium chain (C:8 and C:10) saturated fatty acids, is highly rened and has a relative low viscosity. Sunower oil and EVO both mainly consist of oleic (C18:1) and linoleic (C18:2) acid, where EVO can also contain up to 20% palmitic acid (C16:0). 32 The main difference between sunower oil and EVO is the degree of renement. Sunower oil is a rened oil with minor polar components, with the exception of tocopherols. EVO on the other hand is a cold pressed, unrened oil which can contain a substantial amount (up to 2%) of polar molecules such as polyphenols, phosphatides, pigments, and sterols. 32 Given the different composition, we propose that this has an inuence on the polarity of the different oils. Here, we use the oil-water interfacial tension as a measure for oil polarity. Due to the high level of renement of the MCT oil, the polarity of this oil is the lowest, which is evidenced by the highest oil-water interfacial tension among the used oils in this study (Table 1) . Both sunower oil and EVO are less pure, and therefore have a slightly higher polarity. As seen by the difference in interfacial tension, EVO had a lower interfacial tension than sunower oil, as expected by the larger amount of minor components present. Castor oil consists mainly of ricinoleic acid, a C18:1 carbon fatty acid with a hydroxyl group at the C12 position. As a result of these hydroxyl groups, this oil is more polar than the other oils studied, as seen by the lowest value for the interfacial tension. The viscosities of the oils differ signicantly, where MCT has the lowest viscosity and castor oil is the most viscous oil as shown in Table 1 . Based on the interfacial tension, the polarity of the oils studied range from low to high polarity as MCT < sunower oil < EVO < castor oil. Small amplitude oscillatory rheology Using these oils, protein aggregates were dispersed at a concentration of 10% to create oleogels and we examined their rheological behaviour. First, we focus on the protein oleogels prepared in MCT, EVO and sunower oil, since castor oil had a large impact on the rheological behaviour due to its different chemical composition, as will be discussed in detail below. The storage modulus, G 0 , and the loss modulus, G 00 , as a function of the frequency are shown in Fig. 3 . Since G 0 is larger than G 00 in all cases and G 0 is largely independent of the applied frequency, this indicates that all systems can be classied as gels. To determine the effect of changing the particle surface chemistry on network formation, the two types of silica particles with known surface chemistry were used for comparison. Regardless of the type of oil used, G 0 was found to be much higher for the hydrophilic A200 silica than the hydrophobic R972 silica. A200 silica samples were independent on the applied frequency, whereas for R972 silica, this dependency was distinctly higher. For R972 silica, a cross-over between G 0 and G 00 at high frequencies can be seen, indicating weaker gel network formation than in the case A200 silica particles were used. Due to the methyl groups on the surface of the particles, R972 silica has increased favourable interactions with the surrounding nonpolar solvents and a lower ability for particle-particle hydrogen bonds. In contrast, A200 silica has less favourable interactions with the surrounding solvent, and an increased ability for particle-particle interactions through hydrogen bonds. This is in accordance with other reports on the gelling behaviour of these two types of silica particles.
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Protein aggregates at the same concentration formed gels with a gel strength in between that of the two types of silica particles, both in magnitude of G 0 as well as in the frequency dependency of G 0 . Since protein aggregates are amphiphilic, the ability for network formation in oil compared to the hydrophilic A200 silica is lower, due to fewer particle-particle interactions, but higher compared to the hydrophobic R972 silica. Another reason for the lower gel strength of the protein aggregates compared to A200 silica could be the difference in density of the network. Looking at the CLSM images (Fig. 2) , the protein aggregates formed a coarser, more open network compared to the more nely dispersed A200 silica. Colloidal silica consist of highly porous particles with a high surface area, which could lead to more particle-particle interactions compared to the protein aggregates and hence higher gel strength. Besides the surface chemistry of the particles, also the nature of the solvent has an effect on the ability to form colloidal networks. For better comparison, values for G 0 and the loss tangent (tan d, G 00 /G 0 i.e. the solid-like character of the gel) for the different gel systems is summarized in Fig. 4 . For A200 silica, using a polar EVO decreased G 0 and increased tan d, indicating a weaker network formation compared to gels made with the apolar MCT oil. Interestingly, for R972 silica this effect is reversed, i.e. G 0 increased and tan d decreased with increasing polarity. Notice that the change in polarity has a larger effect on the hydrophobic then the hydrophilic particles. G 0 decreases roughly a factor 2 for A200 silica, whereas for R972 silica at the same concentration, G 0 increased roughly with a factor 13. The decrease in gel strength for the hydrophilic A200 silica particles can be explained by the increase in particle-solvent interactions as a function of increased polarity changing from MCT to EVO. Similarly, an increase in gel strength for hydrophobic R972 particles is obtained as a function for increasing polarity, as the more apolar MCT oil favours more particle-solvent interactions than the more polar EVO. Using different oil types for structure formation by the protein aggregates, G 0 increased and tan d decreased as EVO < sunower oil < MCT oil, indicating a higher amount of proteinsolvent interactions in a more polar environment, giving weaker gel strength. Similar to A200 silica, G 0 decreased roughly twofold as the polarity of the oil type increases. The results indicate that the strength of the network formed by protein aggregates is affected by the polarity of the solvent, resulting in weaker gels in more polar oils.
The most polar oil used in this study was castor oil, as shown by the lowest oil-water interfacial tension. This high polarity is caused by ricinoleic acid, which has a hydroxyl group at the C12 position. When attempting to create oleogels in castor oil using the protein aggregates, we were not able to acquire a dispersion of sufficient concentration, and therefore the rheological behaviour could not be determined. For both silica particles, as shown in Fig. 5A , no gel formation was observed as G 00 > G 0 for most of the frequencies studied and G 00 was almost proportional to the applied frequency.
Hydrophilic A200 silica showed a cross-over between G 0 and G 00 at low frequency, but G 00 was larger than G 0 for the entire frequency range for the hydrophobic R972 silica. This indicates that no network formation was achieved by either of the silica particles. As shown in the CLSM micrographs in Fig. 5B and C, both silica particles were dispersed evenly throughout the castor oil, indicating few particle-particle interactions and poor network formation. Based on the increased polarity, we would indeed expect a decrease in gel strength for the hydrophilic silica. As shown by Raghavan and co-workers,
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the main driving force for network formation between silica particles is the formation of particle-particle interactions through hydrogen bonds. Instead of strong particle-particle interactions, the high content of hydroxyl groups in castor oil favoured particle-solvent interactions, causing a 'solvation layer' around the particles and therefore inhibited gel formation. For the hydrophobic silica, on the other hand, we would expect an increase in gel strength based on the results discussed previously. In the case of castor oil, hydrogen bonds can also occur between the predominantly hydrophobic particles and the solvent, even if the high polarity of the solvent would favour less particle-solvent interactions. For all types of particles, this increased particle-solvent hydrogen bonds prevented gel formation. The network formation can therefore not only be controlled by the polarity, but also by the presence of specic chemical groups on the solvent molecules. 
Large deformation and structure recovery
Besides the formation of elastic networks, depending on the interactions between the colloidal particles to build a structure, properties like resistance against structure breakdown and structure recovery are important aspects for different applications. Therefore, we examined the structure breakdown of the different particles using large deformation rheology. Fig. 6 shows the rheological behaviour of the oleogels as a function of the applied strain, where the linear viscoelastic regime (LVR) is dened as the strain value where G 0 is independent on the applied strain until a certain critical value (g c ).
As shown in Fig. 6B and C, A200 silica oleogels show a somewhat longer LVR compared to R972 silica, indicating the network is less prone to yielding. Most likely, this can be attributed to the higher surface area of the A200 silica and the increased ability to form particle-particle interactions through hydrogen bonds in nonpolar media, giving rise to a more rigid network. Compared to both silica particles, the gels prepared with protein aggregates had a distinct lower g c . Based solely on their amphiphilic nature, we would expect that structure breakdown by yielding would be an intermediate between the hydrophilic and hydrophobic particles. The results show that the amphiphilicity of the protein aggregates is not the only parameter to determine the yielding behaviour of the network. Looking again at the microstructure of the gels in Fig. 2 , the more densely packed network by the protein aggregates compared to the silica particles could explain this different behaviour, as the larger mesh sizes and the lower amount of connections between larger ocs in the colloidal network would be more prone to yielding phenomena. Similar effects were observed for Ca 2+ -induced WPI gels, where coarser networks were formed for increasing Ca 2+ concentration, which resulted in gels with a lower fracture strain.
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As shown in Fig. 6 , g c was not substantially affected by the oil type, indicating that indeed the network structure is more dominant for yielding phenomena. An exception is seen in the case for EVO, where a lower g c is observed for both the A200 silica and the protein aggregates. As EVO is not a very pure oil, the structure breakdown might be related to the presence of polar components having a high affinity for the particle surface, leading to fewer or less strong interactions. An interesting feature is observed for strain amplitudes around g c . For the gels made with A200 silica and protein aggregates, G 00 shows a weak strain overshoot in the region of g c , which is not detected in the R972 gels. This overshoot for G 00 is characteristic for many occulated gel structures. 35, 36 Deformation of a network, as is done in these experiments, is a process where two phenomena, structure loss and structure creation, simultaneously occur due to breakage and reformation of network junctions. The type of behaviour observed when increasing the strain amplitude depends on which of these two phenomena is dominant. Although difficult to quantify the magnitude of these processes, the change in the moduli can provide qualitative information as described in a paper by Hyun and co-workers, 37 where the authors dene a loss rate parameter and a creation rate parameter. Strain thinning behaviour, or 'type I' behaviour, is observed when the loss parameter is positive and the creation parameter is negative, giving rise to a decrease in both moduli. In this case, the structural elements align with the applied ow eld and lose network junctions that do not reform during deformation, as we observe for the hydrophobic R972 samples. In 'type III' behaviour, both parameters are positive, but the creation parameter is smaller than the loss parameter, giving rise to a weak strain overshoot for G 00 as we observe for both the protein aggregate gels and the A200 gels. As the two types of silica show a different behaviour during deformation, this indicates that the rate of structure loss and structure formation is dependent on the surface chemistry of the particles and the strength of the particle-particle interactions. Since a weak strain overshoot is observed for the more hydrophilic particles, rapid structure formation is most likely due to the rate of hydrogen bond formation between the particles. To further assess the ability of the network to restore aer deformation is applied, we examined the structure reformation over time at low deformation aer the network was subjected to high strains.
Structure recovery
Aer subjecting the different gels to large deformation (g ¼ 100%) to induce structure breakdown, the strain was reduced to g ¼ 0.01% (which was within the linear viscoelastic regime) to examine the structure recovery, or thixotropic behaviour, over time. During structure breakdown, network junctions between interacting colloidal particles or fractal ocs of these particles are broken due to the applied large deformations. Under subsequent non-destructive low deformations, these junctions are then reformed, restoring the network. The recovery of G 0 was followed for 30 minutes and the results can be found in Fig. 7A -C. As shown, the development of G 0 over time showed a power law dependence over time for all samples following G 0 $ t n . In all samples, it was found that n < 1 (Table 2) , which indicates a self-delaying process where the rate of change, dG 0 /dt, decreases over time. This power law dependency was also observed for other systems, such as clay dispersions 38 and fat crystals.
39 Important to note is that during recovery, gels were reformed for which G 0 > G 00 in all samples. Fig. 7A shows a rapid structure recovery for the protein aggregates, where most of the recovery occurred in the rst minute aer reduction of the strain amplitude. In literature, a rapid structure recovery was also observed for silica particles and nano-diamond particles in mineral oil 40, 41 or fat crystal networks.
39 Similar to the case of protein aggregates, the structure recovery of the A200 silica network was fast and can be described by a power law exponent n close to zero (Table 2) . Therefore, most of the disrupted network, as a result of detachment of the particles or clusters of particles from the network by applying high strains, almost instantaneously reformed by creating new junctions. For the hydrophobic R972 silica particles, however, the network recovery was slower (Fig. 7B ) compared to that of the hydrophilic A200 silica or protein aggregates. These results can most likely be related to the affinity of the particles for the solvent. In the case of the hydrophilic silica particles and the protein aggregates, the low affinity for the solvent leads to particle-particle interactions that dominate over particle-solvent interactions in oil. The strong particle-particle interactions gave rise to a rapid G 0 recovery for both A200 silica and protein aggregates upon lowering the strain. Using a different oil type did not result in an observable difference for the structure recovery rate for A200 silica and for the protein oleogels. Since the recovery is almost instantaneous, it is likely that the differences could not be seen with the current experimental setup. In contrast, the characteristics of the different oils did have an effect on the recovery rate for gels made with R972 silica. In these gels, the recovery rate over time (dG 0 /dt) was lower for apolar MCT oil than for the polar EVO.
This effect is most likely related to more favourable particleparticle interactions in the polar EVO, compared to more particle-solvent interactions in the apolar MCT oil. depending on the oil type used. Largest recovery was measured for MCT oil, followed by sunower oil and EVO. Similar behaviour was measured for A200 silica, where the same effect of oil type on the extend of structure recovery was measured, although the recovery was higher (50-60%). This effect of oil type is consistent with the larger amount of particle-particle interactions observed for a more apolar oil and more hydrophilic particles. The network of the hydrophobic silica particles recovered to about 45% of their original value for G 0 , but their recovery did not depend on oil type within the timeframe of the experiment. The lower G 0 recovery for the protein aggregates compared to the two types of silica particles may be explained by the denser network structure of the protein aggregates. Upon deformation of such a dense network with larger clusters and a relative large mesh size, less bonds are re-formed between the proteins aggregates compared to the ner network of silica particles. This could be due to the larger surface area of the silica particles and subsequently more contact points between the particles. However, given that protein oleogels are able to ow under large deformation, but regenerate its elastic network quickly aer deformation is reduced, this behaviour could provide benets to a variety of food applications.
Conclusions
Whey protein based oleogels (10% protein) were prepared using heat-set whey protein aggregates. Since the particle-particle interactions between the aggregates in oil can be affected by oil composition, we prepared protein oleogels in different oil types; Medium Chain Triglyceride (MCT) oil, sunower oil, extra virgin olive oil (EVO) and castor oil. The oils varied in polarity and chemical composition. For comparison, we used two types of silica particles of known surface chemistry, i.e. hydrophilic and hydrophobic silica, to prepare silica oleogels at the same concentration. All particles were able to provide structure to MCT oil, sunower oil and EVO, where G 0 > G 00 . The change in oil type resulted in a difference in particle-particle and particlesolvent interactions, which in turn affected the rheological behaviour. For protein aggregates, an increase in oil polarity resulted in a decrease in G 0 due to more favourable particlesolvent interactions. In castor oil, we were unable to create gels with either silica particles or protein aggregates. This effect can be attributed to the ability of the oil to form hydrogen bonds with the particles, preventing particle-particle interactions. Large deformation behaviour of protein oleogels showed structure breakdown and yielding behaviour of the gels followed by rapid recovery of the network aer deformation was reduced. Rapid recovery aer deformation and the fact that the interactions between the protein aggregates in oil can be tuned by changing the characteristics of the oil, may be interesting features for various applications in foods.
